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Abstract 
Micro bores are used for several high-precision applications, especially in hydraulic systems and fuel injectors. In this case the shape, 
particularly the edge rounding of the injection spray hole, has a significant influence on the atomization of fluids and therefore also 
on the combustion process [1]. From the present knowledge about the relationship between bore geometry and hydraulic properties 
requirements were derived which are not feasible applying conventional manufacturing techniques. In particular, it is currently not 
possible to adjust the flow coefficient and the cavitation point independent of each other. The flow coefficient significantly 
influences the atomization, while the cavitation is necessary to prevent coking of the injection holes. One way to decouple the flow 
coefficient and cavitation behavior is a functional edge rounding of the borehole. This cannot be represented by the previously 
applied hydroerosive rounding. Therefore inverse Jet Electrochemical Machining (inverse Jet-ECM) opens up new possibilities, as 
the erosion area is localised by the jet. In Jet-ECM the electrolyte is supplied through a nozzle at an average speed of about 20 m/s 
and adjusted perpendicular to the work piece surface. Forming a free jet leads to a high localization of the current density resulting in 
a much localized machining area direct below the nozzle [2]. In this study an edge rounding of the micro nozzle bore is realized by 
an inversion of the Jet-ECM principle. 
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1. Introduction 
Micro bores with a high structural accuracy, 
resistance to wear and tear and also a high aspect ratio 
are required in the automotive industry in the production 
of injection holes for direct-injection fuel systems. In 
this case the shape, especially the edge shape of the 
injection hole, has a significant influence on the 
combustion process [3]. To adjust the edge rounding of 
the bore hole without influencing the roughness of the 
bore interior wall an inverse Jet Electrochemical 
Machining process has been developed in cooperation of 
Chemnitz University of Technology, Fraunhofer 
Institute for Machine Tools and Forming Technology 
IWU, SITEC Industrial Technology GmbH and 
Continental Automotive GmbH. This process of inverse 
Jet-ECM is based on a localized anodic dissolution of 
the work piece that is connected to a positive electric 
potential. A negative or zero potential is connected to the 
tool which is the cathode. The electrolyte jet determines 
the localization of the current density and therefore the 
shape of the edge rounding. The advantage of this 
process exists in the possible high localization of the 
erosion area and high achievable surface quality. The 
basic arrangement of this process is shown in Fig. 1. 
 










Available online at www.sciencedirect.com
© 2013 The Authors. Published by Elsevier B.V.
Selection and/or peer-review under responsibility of Professor Bert Lauwers
Open access under CC BY-NC-ND license. 
Open access under CC BY-NC-ND license. 
379 M. H.-Oschätzchen et al. /  Procedia CIRP  6 ( 2013 )  378 – 383 
 
A micro bore is applied, which is imposed on the 
anodic pole while a cathodic polarized metallic surface 
displays the antipole. The electrolyte is pumped through 
the bore and ejected with an average speed of 
approximately 10 m/s. The electrolytic liquid forms a 
free jet with a well-defined shape as shown in Fig. 1. 
Thus, the distribution of the current density is limited to 
a confined area at the front edge of the micro bore 
thereby limiting the removal geometry to this area. This 
guarantees the realization of an edge rounding without 
influencing the interior bore wall. 
2. Original bore shape 
A commercial micro nozzle was applied as sample 
for the micro bore. The original shape of the outlet of the 
applied micro nozzle is shown by the SEM image in Fig. 
2. 
 
Fig. 2. SEM image of an unmachined micro nozzle 
The micro bore has a diameter of 100 µm and the 
outer diameter of the front surface is 200 µm. Between 
the front and the bore there is a chamfer, which is about 
15 µm wide and 10 µm deep. The original nozzle 
geometry was determined with a Keyence VK-9700 
measuring microscope by detecting the cross-sectional 
profile as shown in Fig. 3. 
 
Fig. 3. Cross-sectional profile of a micro bore before machining 
The ideal shape of an original nozzle is highlighted 
by the red lines, as it was derived from the specifications 
given by the manufacturer. In the measurements, which 
are illustrated in black, certain deviations are visible, 
which result from the burrs shown on the SEM image. 
With the applied microscope a maximum inclination of 
60° can be detected. Hence, the internal shape of the 
micro bore cannot be measured, because the angle is too 
steep as it is aligned vertically to the viewing direction. 
3. FEM Simulation 
To assist the process design of inverse Jet-ECM 
multiphysics simulations were performed applying the 
commercial FEM software COMSOL Multiphysics 
which was shown to be suitable to simulate ECM 
processes before [4]. 
3.1 Model geometry and physics 
Starting with the simulation an axisymmetric model 
geometry was created based on Yoneda's shape of 
electrolyte jet as shown in Fig. 4 [5, 6]. The simulation 
model consists of two areas. The first area represents the 
applied micro nozzle and the second area the geometry 
of the ejected electrolyte. The domain conditions are 
according to the electric conductivity of the applied 
media. That means that the cross-section of the nozzle is 
imposed with the conductivity of stainless steel and the 
electrolyte shape with a typical Jet-ECM conductivity 
for the experiments, which is 130 mS/cm. 
 
Fig. 4. Simulation geometry based on the model of Yoneda [4] 
According to the planned experiments, the nozzle is 
situated in a typical Jet-ECM distance of 100 µm 
perpendicular to the work piece surface. The electrolyte 
jet conforms to the nozzle's bore diameter and the flow-
off geometry conforms to the shape defined by Yoneda. 
The lower edge displays the surface of the cathode. On 
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the left side the axis of symmetry is defined parallel to 
the jet. Therewith a pseudo 3D calculation is realised. 
The boundary conditions are derived from the 
experimental setup. The cathode surface is set to the 
electric ground, which means a voltage of 0 V and the 
nozzle is imposed on the anodic potential of 34 V. In 
addition to results of the electrostatics simulations a 
calculation of the material removal was accomplished. 
Therefore the distribution of the local current density 
was used to calculate the time-dependent deformation of 
the FEM-mesh corresponding to Faraday’s law [4, 7], 
which results in the local electrochemical dissolution of 
the micro bore. 
3.2 FEM mesh 
The FEM meshes, which were applied in the 
simulations for calculating the local electric current 
density and the material removal, are shown in Fig. 5 
and Fig. 6. 
 
Fig. 5. FEM mesh for the calculation of current density 
 
Fig. 6. FEM mesh for the calculation of material removal 
For the static calculation of the electric current an 
extremely fine FEM mesh was chosen to be able to 
determine the local current density. The region marked 
point 1 is meshed even finer as a concentration of the 
local current density in this edge can be assumed. Here 
the maximum element size was set to 1 µm. These 
settings resulted in a mesh with 7871 elements. In the 
matter of calculating the material removal a coarser 
meshing had to be applied, because the interaction 
between the simulations of the local current density 
resulting in a deformation of the FEM mesh is highly 
challenging. In this case the element size option fine was 
chosen, which includes a maximum element size of 
18.6 µm and a minimum element size of 0.1 µm. This 
settings leads to 374 mesh elements. 
3.3 Results of static simulations 
In Fig. 7 the result of a static calculation of the 
current density distribution is shown by means of a false 
colour rendering. 
 
Fig. 7. False color rendering of the distribution of the current density, 
overview and detailed view on the bore edge 
From the simulation it can be derived, that the 
maximum of the local current density is reached at the 
edge of the bore, where values exceeding 1000 A/cm² 
were calculated. Accordingly, the electrochemical 
dissolution in this region will reach a maximum as well. 
Therefore a preferred rounding of the bore edge is 
expected. Furthermore a significant decrease in local 
current density can be seen along the bore wall at 
growing vertical distance from the cathode. Thus it can 
be assumed that the electrochemical dissolution will be 
concentrated to the front surface of the nozzle. The 
calculation of total electric current was performed by 
integrating the local current densities along the surface 
of the cathode. Thereby a current of approximately 
33 mA was calculated. 
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Fig. 8 shows the simulation results of the local 
current density as a streamline illustration. 
 
Fig. 8. Streamline illustration of the current density distribution 
It can be seen, that the flow lines of the electric 
current density are concentrated to the edge of the bore 
on the nozzle's front surface. This is additionally 
supported, when considering the electric current density 
along the bore interior wall. Fig. 9 shows the electric 
current density as a function of the arc length L marked 
in Fig. 8. 
 
Fig. 9. Function of the electric current density along the arc length of 
the bore interior wall 
It can be seen, that the maximal current density 
appears in the area of the bore edge at a value of more 
than 1000 A/cm². With increasing hole depth the electric 
current density decreases significantly. At a depth of 
about 70 microns the current density decreases in the 
passive range, which starts approximately below 
10 A/cm² for machining steel with sodium nitrate 
(NaNO3) [8]. Thus no material dissolution of the bore 
hole deeper than 70 µm has to be expected under the 
investigated process parameters. 
3.4 Results of transient simulations 
Fig. 10 shows the simulation result of the transient 
simulations at the 0.1 s time-step. 
 
Fig. 10. Simulation result of the transient electrochemical erosion at 
t = 0.1 s 
According to the simulated current density 
distribution, the electrochemical erosion mainly appears 
at the edge of the bore, which indicates a preferred 
rounding of the edge. It is obvious that the mesh 
displacement decreases at increasing distance from the 
bore edge, which illustrates a decreasing electrochemical 
influence in the interior bore wall. Additionally, the 
outer front surface of the nozzle is not influenced. 
However, the deformed shape of the jet is not consistent 
to its real geometry. At a certain rounding the separation 
of the jet from the bore edge had to be expected. The 
resulting enlarging of the bore diameter amounts 
133 µm. 
4. Preparation of experiments 
For the experiments a modular prototype facility was 
applied, which was developed in cooperation of 
Chemnitz University of Technology and Fraunhofer 
Institute for Machine Tools and Forming 
Technology [2]. In Table 1 the processing parameters 
are charted. 
The micro nozzles are full metal dispensing needles 
made of stainless steel, which were obtained from 
Nordson EFD. A pulsation free pump was applied to 
supply fresh electrolyte through the nozzle continuously 




range Passive range 
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Table 1. Processing parameters 
Description Value Unit 
Nozzle inner diameter D 100 µm 
Working gap g 100 µm 
Electric potential U 34 V 
Pump delivery rate V/t 5 ml/min 
Electrolyte NaNO3 aqueous solution 
Conductivity σ 130 mS/cm 
Machining time t 0.1 / 0.3 / 0.5 s 
5. Experimental results 
The Jet-EC machined nozzle after a processing time 
of 0.1 s is shown in Fig. 11 as SEM image and in Fig. 12 
as a cross-sectional profile. 
 
Fig. 11. SEM image of a micro nozzle after 0.1 s of inverse Jet 
Electrochemical Machining 
 
Fig. 12. Cross-sectional profile of a micro nozzle after 0.1 s of inverse 
Jet Electrochemical Machining 
After 0.1 s of processing time the edge on the front 
surface is widened around 5 µm compared to the original 
shape, while the depth of the chamfer is hardly 
influenced. It is obvious that the edge of the micro bore 
is rounded by the electrochemical machining process. 
The burrs on the front are completely removed, which 
results in higher surface finishes on the rounded edge. 
As can be derived from the SEM image, the interior bore 
wall is not influenced by Jet-ECM. In Fig. 13 to Fig. 16 
are shown the results of the longer lasting processes. 
 
Fig. 13. SEM image of a micro nozzle after 0.3 s of inverse Jet 
Electrochemical Machining 
 
Fig. 14. Cross-sectional profile of a micro nozzle after 0.3 s of inverse 
Jet Electrochemical Machining 
 
Fig. 15. SEM image of a micro nozzle after 0.5 s of inverse Jet 
Electrochemical Machining 
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Fig. 16. Cross-sectional profile of a micro nozzle after 0.5 s of inverse 
Jet Electrochemical Machining 
After 0.3 s the bore edge is widened to 165 µm and 
after 0.5 s to 175 µm. Also the depth of the rounding 
rises to a value ranging from 70 µm to 80 µm. High 
surface qualities along the rounding can be derived from 
the SEM images, which are completely free of burrs. At 
growing vertical distance the drilling marks of the 
mechanical boring process are still visible. This indicates 
that the bore wall in a certain distance is not influenced 
by the electrochemical machining process even if the 
micro bore is widened around 30%. From the 
measurements it can be derived that the electrochemical 
dissolution stops in a depth near to the simulated value 
of 70 µm, which was derived from the simulation. 
6. Conclusion 
In this study, functional shaping of bore edges by 
inverse Jet Electrochemical Machining was presented. 
FEM-simulations were carried out to demonstrate the 
current density distribution and therewith the transient 
erosion of the bore edge. The machining principle and 
the localization of the erosion process could be shown 
by help of the simulations. 
By help of experimental investigations inverse Jet 
Electrochemical Machining was applied to shape the 
edges of micro bores with an internal diameter of 
100 µm. Depending on a rising processing time the 
widening of the bore edge increases. After 0.5 s a 
widening of about 30% was realized. The machined bore 
edges exhibit high surface qualities without burrs.  
It could be proven by help of simulation and 
experiment that the internal bore wall is not influenced 
by the electrochemical machining process due to 
passivation effect at a depth of approximately 70 µm 
under the investigated process parameters. 
 
7. Outlook 
In the focus of following investigations should be the 
unchanged features of the internal bore wall as this is a 
very important point for the function of nozzles. In 
addition real injection tests should be performed to prove 
that the functional rounding of the micro bores will lead 
to an independent adjustment of flow coefficient and 
cavitation points. 
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